In many types of surgery, obesity may influence patient selection, prognosis, and/or management. Quantifying the accuracy of the coding of obesity and other prognostic factors is important for the design and interpretation of studies of surgical outcomes based on administrative healthcare data. This study assessed the validity of obesity diagnoses recorded in insurance claims data in selected surgical populations.
Introduction
In many types of surgery, obesity is an important factor that is relevant for patient selection, prognosis, and/or management. [1] For example, obesity is a strong risk factor for the development of knee osteoarthritis, and patients with severe obesity who undergo total knee arthroplasty (TKA) are at higher risk of surgical complications and may experience worse long-term outcomes relative to patients without obesity who undergo TKA. [2, 3] Coding of obesity and BMI, which is based on International Classification of Diseases, 9 th and 10 th Revision, Clinical Modification (ICD-9-CM/ICD-10-CM) diagnosis codes, is known to be imperfect in healthcare administrative data. Recently, the US Food & Drug Administration issued guidance on the use of real-world data in regulatory decision-making for medical devices, endorsing its use for a variety of purposes, including product label extensions, enhanced post-market safety surveillance, and for identifying historical controls for single-arm interventional trials. [4] Quantifying the validity of diagnosis codes for obesity and other important prognostic factors is important for the design and interpretation of studies of surgical outcomes based on administrative data.
Previous studies in the United States and Canada indicate that diagnosis codes for obesity recorded in administrative data have a high positive predictive value (PPV; 66%-91%) but low sensitivity (8%-19%). [5] [6] [7] [8] [9] The present study builds on previous work by using contemporary insurance claims data and linked electronic health record (EHR) data to assess the PPV and sensitivity of obesity diagnosis codes in the following settings where obesity is an important clinical factor: bariatric surgery, [10, 11] TKA for knee osteoarthritis, [2, 3] cardiac ablation for atrial fibrillation, [12] and hernia repair. [13] 2. Methods
Data source
Data from 2013 to 2017 were obtained from the Optum Integrated Claims-Clinical Database, which includes linked and deidentified insurance claims and EHR data for commercially insured and Medicare Advantage health plan members. [14, 15] The insurance claims files include facility, physician, and pharmacy claims submitted for reimbursement on behalf of covered health plan members. The EHR data include records of clinical diagnoses, procedures, body measurements, vital signs, laboratory results, prescriptions, and notes recorded as part of routine clinical practice in EHR systems that contribute data to the Optum healthcare analytics platform. Claims and EHR data were available for a geographically diverse population of 5.5 million health plan members in the United States who have been successfully linked to the Optum EHR database.
Protection of human subjects
The Optum Integrated Claims-Clinical Database consists of deidentified healthcare records. Use of the database was reviewed by the New England Institutional Review Board (IRB), which determined that it did not constitute human subjects research, and thus was exempt from IRB review and registration requirements. Throughout the research project, the study data remained deidentified and stored on encrypted, passwordprotected servers to maintain patient confidentiality.
Study population and design
The study population consisted of patients who underwent any of the following surgical procedures between January 1, 2014 and March 1, 2017: bariatric surgery (specifically, laparoscopic sleeve gastrectomy or Roux-en-Y gastric bypass; inpatient only); unilateral TKA for knee osteoarthritis (inpatient only); cardiac ablation for atrial fibrillation (inpatient or outpatient); or ventral/ incisional, umbilical, or epigastric hernia repair (inpatient or outpatient). See Supplementary Table 1 , Additional File 1, http:// links.lww.com/MD/D125, for the codes used to identify these surgical procedures. For each patient, we restricted to the first surgery of each type that was observed during the study period, and refer to it below as the index procedure and the associated admission date (service date for outpatient procedures) as the index date.
Surgical patients were eligible for inclusion if the following criteria were met: continuous health plan enrollment from the index date minus 180 days through discharge; ≥1 BMI measure recorded in the EHR from the index date minus 180 days through discharge; measured BMI within 15 to 90 kg/m 2 (imposed as a quality control measure to guard against data entry errors); nonmissing values for demographic variables (age, sex, census region, type of insurance); and age ≥20 years. Patients younger than 20 years at index were excluded because clinical classifications and administrative coding of BMI differ for patients age <20 years in the ICD-9-CM/ICD-10-CM. Each surgical cohort was defined independently of the others, and an individual patient could contribute data to multiple cohorts provided that the criteria described above were satisfied.
BMI measures
The error-prone measures of BMI evaluated in this study were the administrative ICD-9-CM/ICD-10-CM diagnosis codes for overweight and obesity recorded in the Optum claims data during the index procedure or the 180 days before. In ICD-9-CM and ICD-10-CM, overweight and obesity may be coded as a metabolic disorder (eg, ICD-9-CM diagnosis code 278.00 "Obesity, unspecified") and specific BMI ranges can be coded as a health status diagnosis (eg, ICD-9-CM diagnosis code V85.30 "Body Mass Index 30.0-30.9, adult"). Both types of codes were used in this study (see Supplementary Table 2 , Additional File 1, http://links.lww.com/MD/D125). If diagnoses for both overweight and obesity were coded for a patient, then the one recorded last was used for analysis.
This study did not seek to evaluate the accuracy of Healthcare Common Procedure Coding System (HCPCS) G-codes (used for reporting quality measures in fee-for-service Medicare Part B) for BMI screening. These codes (included at the end of Supplementary Table 2 , Additional File 1, http://links.lww.com/MD/D125) do not provide specific information concerning a patient's BMI (eg, "BMI above normal parameters"), and were recorded for <0.1% of our study sample, which did not include any fee-forservice Medicare beneficiaries.
The criterion standard BMI measure in this study was BMI as recorded in the Optum EHR data during the index procedure or 180 days before. For patients with multiple BMI measurements recorded during this time period, the last BMI measurement was used for analysis. Measured BMI was used to classify patients as underweight (<18.5), normal weight (≥18.5 and <25), overweight (≥25 and <30), or obese (≥30) according to standard Medicine clinical cutpoints. [16] In secondary analyses, we also classified patients as having "morbid obesity" (a term used but not explicitly defined in ICD-9-CM and ICD-10-CM) using 2 definitions (BMI ≥35 and ≥40) to reflect varied usage.
Estimation of validation statistics
In evaluating the validity of weight-related diagnosis codes from administrative data, the primary statistics of interest were sensitivity and PPV:
Sensitivity-The sensitivity of administrative diagnosis codes for the detection overweight or obesity was calculated as the proportion of health plan members in the weight category based on measured BMI who had an accurate weight-related diagnosis coded. For example, in evaluating the sensitivity of administrative diagnosis codes for obesity, a patient with a BMI of 34 would be classified as a true-positive if any code for obesity was present, and as a false-negative otherwise. PPV-The PPV of administrative diagnosis codes for overweight and obesity was calculated as the proportion of health plan members coded as being in a weight category who were correctly classified as such. For example, a patient with an administrative diagnosis code for obesity (eg, ICD-10 diagnosis code E66.9, "Obesity, unspecified") would be considered accurately classified if the patient's measured BMI was ≥30.
Sensitivity and PPV were the primary validation statistics of interest for this study; however, for completeness the specificity and negative predictive value (NPV) of administrative diagnosis codes for obesity and overweight were also estimated, as described below.
Specificity-Specificity was calculated as the proportion of health plan members not in a specific weight category based on measured BMI (eg, not obese) who were not coded as such. NPV-NPV was calculated as the proportion of health plan members not coded as being in a particular weight category (eg, not coded as obese) who were in fact not in that weight category based on measured BMI.
Data management and preparation of the analytic dataset were done using the Instant Health Data platform (Boston Health Economics, Boston, MA). Statistical analyses were performed with SAS Enterprise Guide 7.1 for Windows (SAS Institute, Cary, NC).
Secondary analyses
To assess whether the validity of overweight/obesity diagnosis codes differed in the ICD-9-CM and ICD-10-CM coding eras, we classified surgical cases and their preceding 180-day lookback periods as being in the ICD-9-CM era (January 1, 2014, through August 31, 2015) or ICD-10-CM era (April 1, 2016, through March 1, 2017) based on index date. Sensitivity and PPV were calculated separately for the ICD-9-CM and ICD-10-CM eras as a secondary analysis. The interval from September 1, 2015 through March 30, 2016 was classified as a transition and washout period, and patients with an index date during this period were excluded from this secondary analysis.
An individual's BMI may change during the approximately 6month cross-sectional assessment period used in this study. To evaluate whether a recorded weight-related diagnosis is more accurate if compared against a proximate BMI measurement, we recalculated our PPV estimates after restricting to health plan members wherein the weight-related diagnosis code was recorded within 60 days, 45 days, 30 days, or 15 days of the BMI measurement in the EHR. We hypothesized that PPVs would increase as the number of days between the diagnosis code and BMI measurement in EHR decreased.
Finally, to further characterize the nature of obesity falsepositives, we characterized the distribution of BMI among patients who were diagnosed as obese in the administrative data but ultimately did not have BMI ≥30 in the EHR. We also calculated the proportion of such patients with a BMI ≥28 to examine how many may have been classified as true positives when allowing for deviation by up to 2 BMI points below the traditional obesity threshold of BMI ≥30.
Covariates
To characterize the study population, the following demographic and clinical characteristics were assessed: age at index procedure, sex, census region, type of health insurance (commercial or Medicare Advantage), Charlson Comorbidity Index using Quan's coding algorithms, [17] and whether the index procedure occurred in an inpatient or outpatient setting. The Charlson Comorbidity Index was assessed using administrative diagnoses coded during the index procedure or the 180 days before.
Results

Descriptive information
The study population consisted of 17,217 surgical cases from 2014 to 2017Q1 who met eligibility criteria, as shown in Table 1 . Of this total, 1422 patients underwent bariatric surgery (median age = 48 years; 75% female; 100% inpatient surgery; 66% Rouxen-Y gastric bypass and 34% sleeve gastrectomy), 8670 unilateral TKA for knee osteoarthritis (median age = 68 years; 61% female; 100% inpatient), 1675 cardiac ablation for atrial fibrillation (N = 1675; median age = 65 years; 34% female; 59% Table 1 Identification of eligible surgical cases with BMI recorded in the EHR. Table 2 .
Eligibility criterion
Based on measured BMI recorded in the EHR, obesity was present in 98%, 63%, 52%, and 54%, of patients who underwent bariatric surgery, TKA, cardiac ablation, hernia repair, respectively. BMI distributions by surgery type are shown in Figure 1 . In the claims data, obesity was coded for 98.5%, 30.3%, 23.1%, and 24.4% of bariatric surgery, TKA, cardiac ablation, and hernia repair patients, respectively; an additional 0.1%, 2.8%, 3.3%, and 2.6 were coded as being overweight. Of patients coded as obese or overweight, 33.9% had a metabolic disorder code (eg, ICD-9-CM diagnosis code 278.00 "Obesity, unspecified"), 14.3% had a health status code for a specific BMI range (eg, ICD-9-CM diagnosis code V85.30 "Body Mass Index 30.0-30.9, adult"), and 51.8% had both.
Validation statistics
The sensitivity of diagnoses recorded in the claims data for the detection of obesity was 99.8%, 46.2%, 41.3%, and 42.2% in patients who underwent bariatric surgery, TKA, cardiac ablation, and hernia repair, respectively. Sensitivity of diagnosis codes for overweight was <10% across all types of surgery. The sensitivity of diagnosis codes for morbid obesity was >95% in bariatric surgery but ranged from 37.7% to 74.3% in other surgeries depending on the surgery type and definition used for morbid obesity (≥35 or ≥40 kg/m 2 ). Detailed sensitivity statistics are provided in Table 3 .
The PPV of administrative diagnosis codes for obesity was 99.3% in bariatric surgery patients and >90% for the other surgical cohorts (Table 4 ). PPVs for overweight ranged from 61% to 73% in TKA, cardiac ablation, and hernia repair patients. The PPV for overweight was 0% in bariatric surgery; however, only 1 patient met the BMI criteria for overweight in this cohort. PPVs for morbid obesity ranged from 63.5% to 96.9% depending on the surgery type and definition used for morbid obesity. Detailed PPV estimates are provided in Table 4 . Continuous BMI distributions associated with individual ICD-9-CM and ICD-10-CM diagnosis codes are shown in Supplementary Figure 1 and Supplementary Figure 2 Specificity was high (≥98%) for overweight diagnosis codes in each surgical cohort. In patients who underwent TKA, cardiac ablation, or hernia repair, specificity was high (≥95%) for diagnosis codes corresponding to obesity and morbid obesity, but was lower among bariatric surgery patients (46%-69%). NPVs for obesity diagnosis codes ranged from 52% in TKA patients to 86% in bariatric surgery patients; NPVs were generally higher for diagnosis codes corresponding to overweight and morbid obesity. Details on the specificity and NPV of overweight/obesity diagnosis codes in each surgical cohort are provided in Supplementary Table 3 and Supplementary Table 4 , Additional File 1, http://links.lww.com/MD/D125.
Secondary analyses
As described in the methods section, sensitivity and PPV were recalculated separately for patients in the ICD-9-CM and ICD-10-CM coding eras. In general, the sensitivity of administrative diagnosis codes for overweight/obesity was somewhat higher in the ICD-10-CM era; PPVs were similar across the 2 coding eras. Detailed validation statistics are provided in Supplementary  Table 5 and Supplementary Table 6 , Additional File 1, http:// links.lww.com/MD/D125, and continuous BMI distributions associated with individual ICD-9-CM and ICD-10-CM diagnosis codes are shown in Supplementary Figure 1 and Supplementary Figure 2 Among patients with a coded diagnosis of overweight or obesity, the median time interval between the diagnosis and the BMI measurement recorded in the EHR was 8 days (interquartile range: 0-51). Supplementary Table 7 , Additional File 1, http:// links.lww.com/MD/D125 shows PPVs recalculated when restricting to patients where this time interval was 60, 45, 30, or 15. Except for the bariatric surgery group, the recalculated PPVs for obesity diagnosis codes generally increased slightly as the number of days between the diagnosis code and BMI measurement in the EHR decreased. For example, among patients undergoing cardiac ablation, PPVs increased from 94.5% when restricting the time interval to 60 days to 96.9% when restricting the time interval to 45 days; such increases were attained at the expense of sample size. PPVs for Table 3 Sensitivity of administrative diagnosis codes for detection of overweight, obesity and morbid obesity. Table 8 , Additional File 1, http://links.lww. com/MD/D125, shows the distribution of BMI among falsepositive patients who were diagnosed as obese in the administrative data but ultimately did not have BMI ≥30 in the EHR. Among these patients, BMIs recorded in the EHR tended to be near the threshold of BMI ≥30 for obesity. The proportion of such patients with a BMI ≥28 was 40.0%, 67.6%, 60.7%, and 65.8% for bariatric surgery, TKA, cardiac ablation, and hernia repair, respectively.
Bariatric surgery
Comparison of BMI distributions in patients with actual versus coded obesity
To evaluate how representative patients coded as obese in administrative data are of the total population of obese patients, we compared BMI distributions of patients who were classified as obese in the administrative data or were in fact obese based on measured BMI. Little difference was found in the setting of bariatric surgery; however, for the other surgical cohorts, median BMI in patients coded as obese was 6.4% to 14.9% higher than median BMI among all patients who were in fact obese according to the EHR (Fig. 2) . 
Discussion
In this large population-based study of US commercial and Medicare Advantage health plan members who underwent selected surgeries in 2014Q1-2017Q1, we found a high prevalence of overweight and obesity (>80% overweight or obese in each type of surgery) based on measured BMI, and high PPV but only moderate sensitivity for obesity diagnosis codes recorded in the claims data. The PPV and sensitivity for overweight diagnosis codes was lower compared to those for obesity. In general, patients with more severe obesity (BMI ≥35) were more likely to have a weight-related diagnosis recorded than patients who were overweight or less severely obese. Across surgeries, it was notable that the prevalence of overweight/obesity was high relative to the US general population. [18] In each surgical cohort, >80% of cases were overweight/ obese (BMI ≥25), >50% were obese (BMI ≥30), and >10% had class III obesity (BMI ≥40). The high prevalence of obesity has important clinical and economic implications. Previous studies have found that obesity-particularly severe obesity-is independently associated with higher complication rates, longer length of stay, greater post-discharge healthcare utilization, and worse patient outcomes following many surgical procedures. [2, 3, 12, 13, 19, 20] Our results indicate that the use of administrative diagnoses coded in claims data to classify patients as overweight or obese may meaningfully underestimate the prevalence of those conditions. For example, among TKA patients the prevalence of obesity was 63% according to the EHR but only 30% according to the claims data, and the sensitivity of obesity diagnosis codes was 46%. In claims-based patient outcomes research where obesity is an important prognostic factor, riskadjustment based on coded obesity diagnoses may be vulnerable to residual confounding. On the contrary, for false-positive patients who were diagnosed as obese in the administrative data but ultimately did not have BMI ≥30 in the EHR, BMIs recorded in the EHR tended to be near the threshold of BMI ≥30 for obesity. Thus, some of the identified false-positive misclassifications were relatively minor in absolute BMI unit terms, which may be tolerable for certain research applications.
Despite these limitations, the high PPV of obesity diagnosis codes (>90%) indicates that it is feasible to define a cohort of patients with obesity using diagnoses coded in claims data. Similarly, morbid obesity diagnoses-with a PPV >88% when a BMI ≥35 is used as the validation criterion-may be used to define a surgical cohort with severe obesity. With respect to generalizability, in all surgery types except for bariatric surgery, patients coded as obese had BMIs that on average were 2 to 5 kg/ m 2 higher than the larger population of patients who were in fact obese according to the EHR. Stated differently, outside the setting of bariatric surgery, patients with severe obesity were more likely to be coded as obese than patients with less severe obesity.
Strengths of our study include its use of recent US claims data from a large and geographically diverse sample of surgical patients. By including several surgical groups, we could assess the extent to which coding of overweight/obesity is consistent across procedures and age groups. In addition, the span of included years allowed us to evaluate the validity of both ICD-9-CM and ICD-10-CM administrative diagnosis codes for overweight/ obesity. In general, the sensitivity of administrative diagnosis codes for overweight/obesity was somewhat higher in the ICD-10-CM era, and PPV estimates were similar in ICD-9-CM and ICD-10-CM.
Limitations of our study include the possibility of measurement error. A patient's BMI may have changed during the course of the 6-month assessment period. To explore this possibility, we recalculated PPVs after restricting to patients where the BMI measurement and overweight/obesity diagnosis date occurred within 60, 45, 30, or 15 days. As described in the results section, PPVs for obesity improved modestly with these restrictions, but such improvements were attained at the expense of sample size. Although we treated measured BMI as recorded in the EHR data as the criterion standard, such data are also subject to potential measurement error arising from inaccurate recording within the EHR system. We also did not have access to information on race/ ethnicity; future research is needed to determine whether race/ ethnicity may play a role in the under-or misdiagnosis of obesity in relation to actual BMI.
The present study adds to an existing literature on the validity of administrative diagnosis codes for obesity. Our study of obesity diagnosis codes found somewhat higher sensitivity (≥30%) and PPV (≥93%) than previous studies, which reported sensitivity estimates of 7% to 19% and PPV estimates of 66% to 91%. [5] [6] [7] [8] [9] 21, 22] The higher sensitivity observed in our study population may reflect the fact that obesity is likely to affect patient care in the types of surgery studied, and thus according to coding guidelines would qualify as a relevant comorbidity that should be coded. [23] In addition, our data came from the more recent past, and coding of overweight/obesity may have increased over time. Finally, the lowest published sensitivity estimates for obesity administrative diagnosis come from studies of hospital discharge abstract databases, wherein administrative diagnosis come from a single encounter; in contrast, our study also included diagnoses recorded during the 180 days before index.
Conclusions
Our data indicate that obesity is highly prevalent in many surgical populations, that obesity diagnosis codes have high PPVs, but also that obesity is generally undercoded in claims data. [4] Quantifying the validity of diagnosis codes for obesity and other important prognostic factors is important for the design and interpretation of studies of surgical outcomes based on administrative data. Further research is needed to determine the extent to which undercoding of BMI and obesity can be addressed through the use of proxies that may be better documented in claims data. For example, in a comparative effectiveness study, an imbalance on BMI between 2 comparison groups would likely be reduced by matching on a propensity score that incorporated information on obesity-related health conditions such as type 2 diabetes, hypertension, hyperlipidemia, and osteoarthritis, and medications used to treat these conditions.
